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A quasi-pure Bose-Einstein condensate immersed in a Fermi sea
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We report the observation of co-existing Bose-Einstein condensate and Fermi gas in a magnetic
trap. With a very small fraction of thermal atoms, the 7Li condensate is quasi-pure and
in thermal contact with a 6Li Fermi gas. The lowest common temperature is 0.28 µK ≃
0.2(1) TC = 0.2(1) TF where TC is the BEC critical temperature and TF the Fermi temperature.
Behaving as an ideal gas in the radial trap dimension, the condensate is one-dimensional.
PACS numbers: 05.30.Fk, 05.30.Jp, 03.75.-b, 05.20.Dd, 32.80.Pj
Bose-Einstein condensation of atomic gases has
been very actively studied in recent years [1,2]. Be-
cause of the dilute character of the samples and the
ability to control the atom-atom interactions, for the
first time a detailed comparison with the theories of
quantum gases has been made. Fermi gases, on the
other hand, have only been investigated experimen-
tally for two years [3–5]. They are predicted to pos-
sess intriguing properties and may offer an interesting
link with the behavior of electrons in metals and semi-
conductors, and the possibility of Cooper pairing [6]
such as in high temperature superconductors and neu-
tron stars. Mixtures of bosonic and fermionic quan-
tum systems, with the prominent example of 4He- 3He
fluids, have also stimulated intense theoretical and ex-
perimental activity [7]. This has led to new physical
effects including phase separation, influence of the su-
perfluidity of the Bose system on the Fermi degen-
eracy and to new applications such as the dilution
refrigerator [7–9].
In this paper, we present a new mixture of bosonic
and fermionic systems, a stable Bose-condensed gas
immersed in a Fermi sea. Confined in the same mag-
netic trap, both atomic species are in thermal equilib-
rium with a temperature of 0.2(1)TF << TC. The
condensate is made of 7Li atoms in internal state
|F = 1,mF = −1〉 while the degenerate Fermi gas
is made of 6Li atoms in |F = 1/2,mF = −1/2〉
(fig. 1). All previous experiments performed with 7Li
in |F = 2,mF = 2〉 had condensate numbers limited
to N ≤ 1400 because of the negative scattering length,
a = −1.4 nm, in this state [10,11]. Our condensate is
produced in a state which has a positive, but small,
scattering length, a = +0.27 nm [12]. The number
of condensate atoms is typically 104, and BEC ap-
pears unambiguously both in the position distribution
in the trap and in the standard time of flight images.
An interesting feature is the one-dimensional charac-
ter of this condensate, behaving as an ideal gas in the
transverse direction of the trap [13,14].
Because of the symmetrization postulate, colliding
fermions have no s-wave scattering at low energy and
the p-wave contribution vanishes in the low temper-
ature domain of interest. Our method for producing
simultaneous quantum degeneracy for both isotopes
FIG. 1. Energy levels of 7Li and 6Li ground states in
a magnetic field. Relevant scattering lengths,a, and mag-
netic moments, M, are given. µb is the Bohr magneton.
The |1,−1〉 state (resp. |1/2,−1/2〉) is only trapped in
fields weaker than 140 Gauss (resp. 27 Gauss). Open cir-
cles: first cooling stage; black circles: second cooling stage.
of lithium is sympathetic cooling [4,5]; s-wave col-
lisions between two different atomic isotopes are al-
lowed and RF evaporation selectively removes from
the trap high energy atoms of one species. Elastic
collisions subsequently restore thermal equilibrium of
the two-component gas at a lower temperature. Our
experimental setup has been described in detail in
[4,15]. A mixture of 6Li and 7Li atoms is loaded from
a magneto-optical trap into a strongly confining Ioffe-
Pritchard trap at a temperature of about 2mK. As
depicted in fig.1, this relatively high temperature pre-
cludes direct magnetic trapping of the atoms in their
lower hyperfine state because of the shallow magnetic
trap depth, 2.4mK for 7Li in |F = 1,mF = −1〉 and
0.2mK for 6Li in |F = 1/2,mF = −1/2〉. There-
fore we proceed in two steps. Both isotopes are first
trapped and cooled in their upper hyperfine states.
There is no limitation for the trap depth and the con-
finement is better because the magnetic moment is
higher. Evaporation is performed selectively on 7Li
using a microwave field near 803 MHz that couples
|F = 2,mF = 2〉 to |F = 1,mF = 1〉. When both
gases are cooled to a common temperature of about
9µK, atoms are transferred using a combination of mi-
crowave and RF pulses into states |F = 1,mF = −1〉
and |F = 1/2,mF = −1/2〉 with an energy far below
their respective trap depths. Evaporative cooling is
then resumed until the BEC threshold is reached for
1
7Li.
In the first series of experiments, both Li isotopes
are trapped in their higher HF states. 6Li is sympa-
thetically cooled to Fermi degeneracy by performing
30 seconds of evaporative cooling on 7Li [4]. Trap
frequencies for 7Li are ωrad = 2pi ∗ 4000(10)s
−1 and
ωax = 2pi ∗ 75.0(1)s
−1 with a bias field of 2G. Ab-
sorption images of both isotopes are recorded on a
single CCD camera with a resolution of 10µm. Im-
ages are taken quasi-simultaneously (only 1ms apart)
in the trap or after a time of flight expansion. Probe
beams have an intensity below saturation and a com-
mon duration of 30µs. Typical in-situ absorption im-
ages in the quantum regime can be seen in fig.2. Here
the temperature T is 1.4(1)µK and T/TF = 0.33(5),
where the Fermi temperature TF is (h¯ω¯/kB)(6NF)
1/3,
with ω¯ the geometric mean of the three oscillation fre-
quencies in the trap and NF the number of fermions.
For images recorded in the magnetic trap, the common
temperature is measured from the spatial extent of the
bosonic cloud in the axial direction since the shape of
the Fermi cloud is much less sensitive to temperature
changes when T/TF < 1 [18]. The spatial distribu-
tions of bosons and fermions are recorded after a 1
sec thermalization stage at the end of the evapora-
tion. As the measured thermalization time constant
between the two gases, 0.15 s, is much shorter than 1 s,
the two clouds are in thermal equilibrium. Both iso-
topes experience the same trapping potential. Thus
the striking difference between the sizes of the Fermi
and Bose gases [5] is a direct consequence of Fermi
pressure. The measured axial profiles in fig.2 are in
excellent agreement with the calculated ones (solid
lines) for a Bose distribution at the critical temper-
ature TC. In our steepest traps, Fermi temperatures
as high as 11µK with a degeneracy of T/TF = 0.36
are obtained. This TF is a factor 3 larger than the sin-
gle photon recoil temperature at 671 nm, opening in-
teresting possibilities for light scattering experiments
[22].
Our highest Fermi degeneracy in the 6Li F = 3/2
state is T/TF = 0.25(5) with TF = 4µK, very similar
to ref. [5]. This limit is set by the fact that the boson
temperature cannot be lowered below TC . Because of
the negative scattering length in 7Li, |F = 2,m = 2〉,
the number of condensed atoms cannot exceed ∼ 300
in our trap [10]. This, together with the condition that
sympathetic cooling stops when the heat capacity of
the bosons approximately equals that of the fermions,
limits the Fermi degeneracy to about 0.3 [5].
In order to explore the behavior of a Fermi sea in the
presence of a BEC with a temperature well below TC,
we perform another series of experiments with both
isotopes trapped in their lower HF state. As the 7Li
scattering length is then positive (fig.1), a stable BEC
with high atom numbers is now possible. To avoid
large dipolar relaxation, 6Li must also be in its lower
HF state [17]. First, sympathetic cooling is performed
on the initial stretched states to ∼ 9µK.
FIG. 2. Observation of Fermi pressure. Absorption
images in the trap and spatial distributions integrated
over the vertical direction of 8.1 104 6Li and 2.7 104 7Li
atoms in their higher hyperfine states. The tempera-
ture is 1.4(1) µK corresponding to TC for the bosons and
0.33(5)TF for the fermions. Solid lines are the expected
Bose and Fermi distributions.
Then, to facilitate state transfer, the trap is adia-
batically opened to frequencies ωrad = 2pi∗100 s
−1 and
ωax = 2pi ∗ 5 s
−1 (for 7Li, F=2). The transfer of each
isotope uses two microwave pi pulses. The first pulse at
803 MHz for 7Li (228 MHz for 6Li) transfers the atoms
from |2, 2〉 to |1, 1〉 (|3/2, 3/2〉 to |1/2, 1/2〉), a mag-
netically untrapped state (see fig.1). The second RF
pi pulse at 1 MHz (1.3 MHz) transfers them to |1,−1〉
(|1/2,−1/2〉) a magnetically trapped state. Adiabatic
opening of the trap cools the cloud, therefore decreas-
ing the energy broadening of the resonance and giving
more time for the passage through untrapped states.
The duration of the pi pulses are 17µs and 13µs and
more than 70% of each isotope are transferred. Finally
the trap is adiabatically recompressed to the steep-
est confinement giving ωrad = 2pi ∗ 4970(10)s
−1 and
ωax = 2pi ∗ 83(1)s
−1 for 7Li |F = 1,m = −1〉, com-
pensating for the reduced magnetic moment.
Because of the very large reduction of the 7Li s-
wave scattering cross section (by a factor of 28) from
the F=2 to the F=1 state, we were unable to reach
runaway evaporation with 7Li atoms alone in F = 1.
In contrast, the 6Li/7Li cross section is 28 times higher
than the 7Li/7Li one. We therefore use 6Li atoms as a
buffer gas to accelerate the thermalization rate of both
gases. Two different methods were used to perform
the evaporation. The first consists in using two RF
ramps on the HF transitions of 6Li (from |1/2,−1/2〉
to |3/2,−3/2〉) and 7Li (from |1,−1〉 to |2,−2〉), which
we balanced to maintain roughly equal numbers of
both isotopes. After 10 s of evaporative cooling, Bose-
Einstein condensation of 7Li occurs together with a
6Li degenerate Fermi gas (fig.3). Surprisingly, a single
25 s ramp performed only on 6Li achieved the same re-
sults. In this case the equal number condition was ful-
filled because of the reduced lifetime of the 7Li cloud
that we attribute to dipolar collisional loss [17].
FIG. 3. Mixture of Bose and Fermi gases. Top: In
situ spatial distributions after sympathetic cooling with
NB = 3.5 10
4 and NF = 2.5 10
4. The Bose condensed
peak (8.5 103 atoms) is surrounded by the thermal cloud
which allows the determination of the common tempera-
ture. T = 1.6µK= 0.87 TC = 0.57 TF. The Fermi distri-
bution is wider because of the smaller magnetic moment
and Fermi pressure. Bottom: profiles with a quasi-pure
condensate, with NB = 1.5 10
4, NF = 410
3. The
barely detectable thermal cloud indicates a temperature
of ≃ 0.28 µK ≃ 0.2(1) TC = 0.2(1) TF.
The duration of the RF evaporation ramp was
matched to this loss rate. In the following we concen-
trate on this second, and simpler, evaporation scheme,
sympathetic cooling of 7Li by evaporative cooling of
6Li.
In fig.3 in-situ absorption images of bosons and
fermions at the end of the evaporation are shown. The
bosonic distribution shows the typical double struc-
ture: a strong and narrow peak forms the condensate
at the center, surrounded by a much broader distri-
bution, the thermal cloud. As the Fermi distribution
is very insensitive to temperature, this thermal cloud
is a very useful tool for the determination of the com-
mon temperature. Note that, as cooling was only
performed on 6Li atoms, the temperature measured
on 7Li cannot be lower than the temperature of the
fermions. Measuring NB, NF, the condensate fraction
N0/NB, and ω¯, we determine the quantum degener-
acy of the Bose and Fermi gases. In fig.3(top), the
temperature is just below TC, T = 1.6µK= 0.87TC =
0.57TF. In fig.3(bottom) on the contrary, the conden-
sate is quasi-pure; N0/NB = 0.77; the thermal fraction
is near our detectivity limit, indicating a temperature
of ≃ 0.28µK ≤ 0.2TC = 0.2TF with N = 8.2 10
3
FIG. 4. Temperature dependence of mixtures of quan-
tum gases: a) normalized BEC fraction as a function of
T/TC. Dashed line: theory in the thermodynamic limit.
Solid line: theory including finite size and trap anisotropy
[2]; b) fermion cloud size: variance of gaussian fit divided
by the square of Fermi radius R2F = 2kBTF/Mω
2
ax as a
function of T/TF. Solid line: theory. Dashed line: Boltz-
mann gas.
bosons and 4 103 fermions. Clearly a more sensi-
tive thermal probe is required now to investigate the
temperature domain T < 0.2TF. An elegant method
uses the measurement of thermalization rates with im-
purity atoms including Pauli blocking [20,21]. The
condensate fraction N0/NB as a function of T/TC is
shown in fig.4 (a), while the size of the fermi gas as
a function of T/TF is shown in fig.4 (b). With the
strong anisotropy (ωrad/ωax = 59) of our trap, the the-
ory including anisotropy and finite number effects dif-
fers significantly from the thermodynamic limit [2], in
agreement with our measurements even though there
is a 20% systematic uncertainty on our determination
of TC and TF.
Because of the small scattering length, this 7Li con-
densate has interesting properties. The time of flight
images, performed after expansion times of 0-10ms
with N0 = 10
4 condensed atoms, reveal that the con-
densate is a one-dimensional (1D) condensate. In
contrast to typical condensates in the Thomas-Fermi
(TF) regime, where the release of interaction energy
leads to a fast increase in radial size, our measure-
ments agree to better than 5% with the time develop-
ment of the radial ground state wave function in the
harmonic magnetic trap (fig.5). This behavior is
FIG. 5. Signature of 1D condensate. Radial size of ex-
panding condensates with 104 atoms as a function of time
of flight. The straight line is the expected behavior for the
expansion of the ground state radial harmonic oscillator.
expected when the chemical potential µ satisfies
the condition µ < h¯ωrad. Searching for the ground
state energy of the many-body system with a Gaus-
sian ansatz radially and TF shape axially [13], we find
that the mean-field interaction increases the size of the
Gaussian by ≈ 3%. The calculated TF radius is 28µm
or 7 times the axial harmonic oscillator size and is in
good agreement with the measured radius, 30µm in
fig. 3. Thus with µ = 0.45 h¯ωrad, the gas is described
as an ideal gas radially but is in the TF regime axially.
This 1D situation was also realized recently in sodium
condensates [14]. As µ < h¯ωrad implies that the linear
density of a 1D condensate is limited to ≃ 1/a, the 1D
regime is much easier to reach with 7Li (small a) than
with Na or 87Rb which have much larger scattering
lengths.
What are the limits of this BEC-Fermi gas cooling
scheme? First, the 1/e condensate lifetime of about 3 s
in this steep trap will limit the available BEC-Fermi
gas interaction time. Second, the boson-fermion mean
field interaction can induce a spatial phase separation
[8] that prevents thermal contact between 7Li and 6Li.
Using the method of [8] developed for T = 0, we ex-
pect, for the parameters of fig.3 (top), that the den-
sity of fermions is only very slightly modified by the
presence of the condensate in accordance with our ob-
servations. Third, because of the superfluidity of the
condensate, impurity atoms (such as 6Li), which move
through the BEC slower than the sound velocity vc,
are no longer scattered [9,16]. When the Fermi veloc-
ity vF becomes smaller than vc, cooling occurs only
through collisions with the bosonic thermal cloud,
thus slowing down drastically. With 104 condensed
atoms, the velocity is ≃ 0.9 cm/s, corresponding to a
limiting temperature of about 100nK, a factor 3 lower
than our currently measured temperature.
In summary, we have produced a new mixture of
Bose and Fermi quantum gases. Future work will
explore the degeneracy limits of this mixture with
the sensitive temperature probe mentioned above [20].
Phase fluctuations of the 1D 7Li condensate should
also be detectable via density fluctuations in time
of flight images, as recently reported in [23]. The
transfer of the BEC into |F = 2,m = 2〉 with neg-
ative a should allow the production of bright solitons
and of large unstable condensates where interesting
and still unexplained dynamics has been recently ob-
served [11,24]. Finally, the large effective attractive
interaction between 6Li |F = 1/2,mF = +1/2〉 and
|F = 1/2,mF = −1/2〉 makes this atom an attractive
candidate for searching for BCS pairing if the temper-
ature can be made sufficiently low [6].
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